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АЕТ 


A study of the Orgueil meteorite shows that three main periods 
of mineral formation can be recognized: an early stage with min- 
erals like troilite that are stable at several hundred degrees centigrade ; 
a middle stage with minerals like chlorite and limonite formed 
below 170ºC; and a late stage with carbonates and sulphates formed 
below 50°C. А physico-chemical analysis of the mineral-forming 
conditions indicates that oxidized phases like sulphate and limonite 
cannot be formed as a result of a local equilibrium but that an oxi- 
dizing substance must be brought into the system. 

Volatiles like CO, CO,, and H,O may emanate from the interior 
of a meteorite parent body but none of these can oxidize troilite to 
limonite and sulphate. A possibility is that water at the surface of 
the parent body was dissociated by ultraviolet light to hydrogen and 
oxygen compounds, of which the lighter hydrogen escaped whereas 
at least some fraction of the oxygen or peroxides reacted with solid 
phases on the surface of the meteorite parent body. 


1. INTRODUCTION 


The carbonaceous meteorites have attracted much interest lately. 
The organic compounds in particular have been extensively analyzed 
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because of the suggestion (Claus and Nagy, 1961) that part of this 
material may be of extraterrestrial biogenic origin. However, the 
characteristics of the inorganic compounds which constitute some 
90 to 95 percent of these meteorites are still little known. This is 
due to the fact that carbonaceous chondrites mainly contain ex- 
tremely fine-grained minerals, some of which are poorly crystallized 
and have varying chemical composition. Moreover, sample ma- 
terial is relatively hard to obtain, and the opacity of petrographic 
thin sections due to the presence of organic compounds renders micro- 
scopical observations difficult. 

The mineral associations in carbonaceous chondrites have been 
studied recently by DuFresne and Anders (1962), Mason (1962), 
Nagy et al. (1963a), and Fredriksson and Keil (1964). DuFresne 
and Anders attempted to show, mainly by means of e-pH diagrams, 
that low temperature minerals in meteorites like Orgueil and 
Murray formed from high temperature minerals during an aqueous 
stage were close to equilibrium. Fredriksson and Keil on the other 
hand showed that Murray consists of at least two parts, which have 
been mechanically mixed together, one of high and one of low 
temperature origin. 

In the present work the available data on the Orgueil meteorite 
are summarized (sections 2 and 3) and used for a physico-chemical 
treatment to estimate the conditions that governed the formation 
of the minerals in this particular carbonaceous chondrite. The rela- 
tions derived give some indications of the surface conditions of the 
parent body. The material studied was obtained from the Swedish 
Museum of Natural History and írom the "Nagy sample" (Nagy 
et al.. 1964). In both cases it was ascertained that the samples had the 
original texture and did not contain gross contaminations (Anders 


et al., 1964). 


2. MINERALOGICAL COMPOSITION OF THE 
ORGUEIL METEORITE 


The Orgueil meteorite can be described as a bituminous clay with 
a clastic texture. This bituminous clay shows a breccia structure 
(fig. 1), the fragments and the matrix having identical composition 
when compared under the microscope and microprobe. 

Approximately three-fourths of the meteorite consists of a sheet 
silicate (table 4с). А number of accessory minerals are listed in the 
same table. The meteorite is traversed by thin veins, mainly con- 
taining sulfates, which seem to be the last crystallized minerals. 
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Mineralogical and paragenetical evidence given in sections 2 to 4 15 
summarized in table 5. Below, the amount and composition of each 
mineral is discussed in detail. 

Chlorite.—The major phase has long been considered to be “like 
serpentine or chlorite" (Pisani, 1864). Mason (1962) preferred 
serpentine because of the low aluminum content. On the basis of 
X-ray analysis, Nagy et al. (1963a) concluded that the mineral 
probably was a chlorite; this conclusion is supported here. In the 
present work the chemical composition of the groundmass was de- 
termined by electron microprobe X-ray analysis. The thin sections 
used for the analysis were moved at a rate of 8 micron/min. under 
the electron beam and the X-ray intensities for SiKa, MgKa, FeKa, 
NiKa, SKa, and AlKa were integrated over “periods of 20 sec. 
(Fredriksson and Keil, 1964). 

In order to obtain a representative composition for the predominant 
phase, three parts, each approximately 15 u long, were selected in 
which all six elements varied less than +10 percent. These parts 
were selected from several hundred microns of such microprobe 
tracks. Table 1 shows the composition of this phase in weight per- 
cent. Calcium was not accurately determined, since its concentration 
is low compared with the other elements and most of it is present in 
other minerals. Further, since Ca is 8-coordinated it should not enter 
the chlorite structure to any large extent. 

A partial analysis by Jarosewich (1965, see table 2) shows that 
probably all of the sulphur in table 1 is present as a water-soluble 
sulphate, mainly a magnesium sulphate. This 1s to be expected since 
the amount of sulphate in silicates 1s low (Ricke, 1960). Probably 
the sulphate is present in a finely divided form or is absorbed on the 
layer lattice silicate. 

Provided that aluminum is mainly present in 6-coordinated posi- 
tions and after the water-soluble quantities of magnesium and sul- 
phate as found by Jarosewich (see table 2) have been deducted, the 
probe analysis of the chlorite can be written either 


(Mg, ге NI Al) 5.93 ОН, вв Oo.14 51, Оо 
ОГ 


(Мр, Бе Ni АТ), әз ОН, O2.25 Si, Озо 


the formulas representing the extreme cases. According to table 2 
it is evident that most iron in the chlorite is ferric, since much of the 
ferrous iron must be present in magnetite, troilite, and breunnerite. 

Approximately 1 percent sodium is probably present (fig. 9), and 
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this to some extent accounts for the deficiency in cations. Small 
amounts of potassium, chromium, and manganese are probably pres- 
ent (compare p. 12). Potassium and manganese have also been 
found in sulphates and carbonates (Хару and Andersen, 1964). 

The electron micrograph (fig. 2) and the electron diffraction pat- 
terns from several grains (fig. 3) also make it probable that the 
groundmass consists of a chlorite. Using MgO as a standard, one of 
the pseudohexagonal patterns (fig. 3) gave the cell dimensions in 
table 3, which compare well with data given by Kerridge (1964). 
In the same table, unit cell dimensions of substances with a chemical 
composition similar to that of the major phase are given. Compared 
with this observed unit cell, ordinary chlorites (the nomenclature of 
Deer, Howie, and Zussman, 1962, and Brindley and Youell, 1953, 
is followed) have fairly large cell dimensions that increase with the 
iron content according to the formulas by Hey (1954) for a, b, and 
c. The cell dimensions indicate that the mineral probably is a ferric 
chamosite in good agreement with Jarosewich's data. The broad 
undefined (001) reflection ( Nagy et al., 1963) indicates a stacking 
disorder. 

The quantity of chlorite in the meteorite has been estimated at 
about 75 volume percent according to microprobe traverses, areal 
estimates of microradiographs (fig. 5), electron probe scanning (fig. 
/). and microscopic observations on five thin sections, about 5-10 
microns thick. The values in table 4c are based on the calculation 
discussed in sections 3 and 4. 

Magnetite.—Fe;O, is one of the phases in Orgueil that is easy to 
observe and isolate. X-ray microradiographs (the method is de- 
scribed Бу Fredriksson, 1958), figures За, and 5b, illustrate the dis- 
tribution, relative amount, and shape of the magnetite grains. It ap- 
pears that the magnetite occurs in two forms: (a) as micron-sized, 
irregular grains, and (b) as spherical particles from a few microns 
to some 40 microns in diameter, several of them being hollow (figs. 
6a and 6b). A few of the spherules have been analyzed with the 
microprobe, both in thin sections and as isolated grains. (The latter 
were kindly given to us by Dr. D. Parkin). The spherules consist 
of an unusually pure magnetite. The Ni content is at most 100 
ppm but probably less than 50 ppm, and the Mn content is only 
about 400 ppm. This is exceptional since most terrestrial magnetite 
(including our microprobe standard) contains 10 times more Ni, 
Mn, and Cr. The high purity of the meteorite magnetite suggests 
that the magnetite spherules were formed at low temperatures, pos- 
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sibly by alteration of rounded aggregates of ferric hydroxide (see 
below and p. 7). Such recrystallization would explain, by shrinkage, 
why the spherules are hollow. 

Some of the magnetite, however, may be an early high temperature 
phase, perhaps even preceding the troilite. If the small irregular 
magnetite grains are of this type or are primordial condensates 
(Wood, 1963), they should contain considerably more trace elements, 
e.g. Ni, than Ше spherules. Mason (1962) indicated that the mag- 
netite in Orgueil has an unusual large unit cell and concluded 
that the composition might be close to trevorite (NiFe,0,). This 
appears to be in agreement with a high temperature origin for the 
major part of the “magnetite.” Finally, there seems to be a very 
late magnetite in the sulphate veins ( Nagy, personal communication). 
Although this type of magnetite has not been found in the present 
study, it might be contemporaneous with the magnetite spherules. 

It should be pointed out that the magnetite spherules morphologi- 
cally resemble the cosmic spherules (Murray and Renard, 1891; 
Pettersson and Fredriksson, 1958; Castaing and Fredriksson, 1958; 
Hunter and Parkin, 1960; Thiel and Schmidt, 1961 ; and others) as 
well as volcanic magnetic spherules (Fredriksson and Martin, 1963). 
However, the Orgueil spherules contain less nickel than the cosmic 
spherules, and less manganese than the terrestrial ones, and can con- 
sequently be distinguished by careful analysis. This offers an oppor- 
tunity to ascertain the total influx to the Earth of carbonaceous 
meteorites of the Orgueil type by extracting and counting such 
spherules from slowly deposited deep-sea sediment (e.g. Petterson 
and Fredriksson, 1958), provided no authigenesis of similar 
spherules takes place in the deep-sea sediments. To distinguish 
between terrestrial spherules and cosmic spherules that are formed 
in the atmosphere by ablation of meteorites (Castaing and Fred- 
riksson, 1958) and spherules from Group 1 carbonaceous chondrites 
(Wiik, 1956) they must all be analyzed. Such an estimate seems 
most desirable, for it is probable that only few carbonaceous me- 
teorites survive the passage through the atmosphere and those which 
do are hard to retrieve, whereas their resistant magnetite spherules 
mostly would survive. If the suggestion is accepted that some ma- 
terial with a composition close to that of Orgueil is the parent ma- 
terial for most meteorites (Mason, 1960; Ringwood, 1961; Fred- 
riksson, 1963), there is good reason to believe that the number of 
carbonaceous meteorites entering the atmosphere is much higher 
than recovered falls indicate. The abundance of magnetite in Orgueil 
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can be estimated from X-ray microradiographs (e.g. fig. 5) at ap- 
proximately 4 volume percent. This agrees well with the calculated 
value in table 4c but is almost an order of magnitude lower than 
the estimate by DuFresne and Anders (1962, p. 1091) and Anders 
(1964, p. 630). If these values were correct no iron would be left 
for the chlorite, breunnerite, and troilite (compare section 3 below). 
In 1864 Cloetz and Pisani found a content of 20.63 and 15.77 weight 
percent respectively of magnetite, determined as insoluble in HCI, 
but these values were shown to be too high by Cohen (1894). 

Troilite.—FeS (Fitch et al., 1962) occurs largely as euhedral, cor- 
roded crystals from a few microns to a few hundred microns in diam- 
eter (figs. 4. 5, and 7). The habit suggests a hexagonal symmetry 
which indicates that the mineral is troilite. The monoclinic modifica- 
tion of FeS. smythite ( Erd et al., 1957), has also a hexagonal habit, 
but smythite is rare and has never been observed in meteorites. An 
X-ray powder-pattern of the FeS-phase in Orgueil shows several of 
the strong troilite lines, whereas none of the strong smythite lines was 
present. Microprobe analysis of а number of grains indicates that 
1.3 to 1.6 percent Ni substitutes for Fe. Аз shown in figures 4 and 
/, the troilite is frequently altered to ferric hydroxide, FeOOH, with 
some Ni and Cl (Nagy et al. 1963b). Some brownish, highly re- 
fractive hexagonal particles which have been described as "organized 
elements" may also be alteration products of troilite (see further 
р. 10). The corroded troilite crystals are frequently associated with 
native sulphur (see fig. 4). 

The microradiographs (figs. 5a and 5b) as well as X-ray diffrac- 
tion data indicate that troilite 15 less abundant than magnetite (i.e. 
2 percent). 

Sulphur.—s occurs in native form ( DuFresne and Anders, 1962). 
Figure 4 shows a few sulphur globules. They were first found in 
the magnetic fraction (size 44-88 microns) of a powdered sample, 
since they to a large extent are associated with corroded crystals of 
magnetic troilite. Ц seems clear (fig. 4) that the troilite is an earlier 
mineral than the free sulphur. Some of the "globules" show crystal 
faces. They сап be found in practically any untreated, newly 
broken up part of Orgueil. This contradicts the hypothesis that this 
type of sulphur globules may be an artifact produced by various 
sample treatments (Fitch et al, 1962). Microscopic observation 
suggests that the crystals are orthorhombic. A chemical analysis of 
the meteorite by G. Jarosewich (table 2) showed the presence of 
1.6 percent free sulphur, which is in good agreement with analyses 
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by Anders et al. (pers. com.). This value is considerably higher than 
the estimate made from direct microscopic observations, indicating 
that some of the sulphur may be very fine grained. 

Ferric hydroxide.—Described by Nagy et al. (1963b) under the 
name limonite, occurring in some of the particles described as or- 
ganized elements. Since the real identity of the ferric hydroxide 15 
unknown, the name limonite (FeOOH-nH;O) will be retained here 
in accordance with the recommendation of Palache, Berman, and 
Frondel (1944). The limonite contains minor amounts of nickel and 
chlorine. Figures 4 and 7 show that it is an alteration product of 
troilite, although in some cases it appears to be redeposited in avail- 
able pores, for instance in the bubbles of "organized elements." The 
limonite 1s older than the veins and probably also older than the 
previously mentioned (p. 4) magnetite spherules. Since the chlorite 
contains ferric iron it is possible that limonite and chlorite were 
formed simultaneously. Dr. B. Mason (pers. com.) has suggested 
that the limonite might have formed by terrestrial oxidation, e.g. 
from lawrencite (Fe,Ni)Cl, or troilite (Fe,Ni)S. This appears 
unlikely because of the frequent association with "organized" ele- 
ments and because the magnetite spherules discussed on page 5 seem 
to be recrystallized limonite. 

It has been shown that the compound FeOOH may incorporate Cl 
ions (Chow, 1964). The CI content (up to 3 percent) of the Orgueil 
limonite indicates that the troilite was altered in an aqueous environ- 
ment containing chlorine. А possibility that gaseous Cl, was in part 
responsible for this oxidation cannot be disregarded and, as will be 
shown in section 5, some “external” sources of oxidizer seem 
necessary. 

Direct observations of the quantities of limonite present are diffi- 
cult to make, but it is only a minor constituent, probably occupying 
less than 1 volume percent of the meteorite. 

Breunnerite and dolomite.—Breunnerite, (Fe,Mg)Co;, was first 
discovered in Orgueil by Pisani (1864). A microprobe analysis by 
Nagy and Andersen (1964) showed 20 percent Mg and 12 percent 
Fe. According to microscopic observations some 5 volume percent 
of the meteorite is made up of strongly birefringent minerals pre- 
sumably identical with the carbonates breunnerite and dolomite. 
Dolomite, CaMg (CO;):, has been found in Orgueil by DuFresne 
and Anders (1962) but has not been observed by the present authors 
or by Nagy and Andersen (1964). The abundance is not easily 
ascertained. According to the calculations in section 3 dolomite may 
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be completely missing and at most be present only in small amounts; 
otherwise, considerably less magnesium and calcium would be avail- 
able for chlorite, epsomite, breunnerite, and gypsum, and conse- 
quently more sodium sulphate would form (see section 3). The 
carbonates are not found in veins but may nevertheless be formed 
late since they commonly are fresh and well crystallized. 

Gypsum.—CaSO,:2H,O is present as small individual grains 
according {о Nagv and Andersen (1964). Compared with the 
theoretical formula for anhydrite, their probe analysis shows a de- 
ficienev of Ca and S which may be interpreted as indicating that 
the mineral is indeed gypsum (CaSO,-2H,O) and not anhydrite 
(CaSO,). It is not unlikely that this is the original form, and if 
so it was probably formed below 50°С ( Posnjak, 1938, 1940). The 
mineral seems to be present only in minute amounts, less than 1 
volume percent, but since it is difficult to identify microscopically, 
it is not easy to estimate its abundance. 

Magnesium — sulphate.—MgSO,;:nH,O and а sodium-containing 
sulphate have been observed in the veins (fig. 9). The magnesium 
sulphate has been definitely identified ( Cohen, 1894; DuFresne and 
Anders, 1962) but it is difficult to ascertain how much water of 
crystallization was present originally. The presence of a sodium 
sulphate has been inferred from mineralogical studies and analysis of 
water extracts of Orgueil sample (DuFresne and Anders, 1962) 
showing that sodium may well be present in some double salt, e.g. 
bloedite, Na, Mg( SO,):4H,O. Figure 9 illustrates the distribution 
of Ха“, Ме“, Ме”, and Siin the veins. It seems that the sodium- 
containing зай crystallized before Ше magnesium sulphate, but it 
might also have formed in late cracks since many sodium salts are 
very soluble. The amount of sulphates has been estimated as high as 
17 percent ( DuFresne and Anders, 1962), and indeed, exposed sur- 
faces of certain samples (e.g. the main mass in Paris) show an 
abundant network of sulphate veins. The present work on thin sec- 
tions indicates that such veins are less abundant than the carbonates, 
which is in agreement with observations by Nagy (pers. com.). 
Sulphates in veins are estimated at 2 to 3 percent by volume, while 
the total amount of water soluble MgSO,:7H.O should be about 
13.1 weight percent according to analysis by E. Jarosewich (see table 
2). This value is in good agreement with data by DuFresne and 
Anders (1962) and Anders (pers. com.). Consequently it seems 
reasonable to assume that the sulphur found in the chlorite analyses 
in table 1 1$ present as finely divided or absorbed sulphates, mostly of 
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magnesium but also of some other cations, e.g. iron, nickel, calcium, 
and sodium. 

Calcium phosphate —Described in Orgueil by Nagy and Anderson 
(1964) and tentatively identified as merrillite, Na,Cas(PO,),0, 
since the measured absolute mass concentrations of calcium and 
phosphorus are a little too low to suggest whitlockite, 8Ca4 ( PO,);. 
However, sodium was not analyzed for (op. cit.) and the mineral 
may consequently be whitlockite, which is a common phosphate т 
many meteorites (Fuchs, 1962). No direct estimates of its abundance 
exist, but if all available phosphorus is ascribed to this mineral, a 
maximum of 0.8 volume percent can be calculated (see table 4c). 
This amount does not influence the sodium or calcium balance sig- 
nificantly. 

Brucite or Periclase—Mg (OH). MgO. A single 10u cube-shaped 
grain of a mineral with a high Mg-content was found with the 
microprobe (fig. 10). Subsequent analysis showed 50 percent Mg 
and approximately 1 percent Fe and 1 percent Si. The Mg content 
is too high for any likely compound other than periclase, MgO, or 
brucite, Mg(OH),. Theoretically brucite has 41 percent Mg and 
the high value of the present analysis may be explained if it is 
assumed that the vacuum in the probe and the heat from the electron 
beam boiled off water from brucite. Probably also some excitation of 
the surrounding chlorite took place. This assumption 15 supported by 
the observed amounts of silicon. Periclase is not stable in the aqueous 
environment which seems necessary to explain the late vein minerals 
(p. 13) in Orgueil, and this fact also supports the assumption that the 
mineral indeed is brucite, Mg( OH);. 

Olivine.—(Mg, Ее), SiO, has not been found with certainty. One 
40u large grain analysed with Ше microprobe showed Mg, Fe, and Si 
contents corresponding to an olivine with 95 percent forsterite. The 
particle was lost and the identification could not be confirmed. 
Т. Е. Kerridge (1964) has inferred from electron diffraction data 
that Orgueil contains micron size grains of olivine. It is difficult, 
however, to understand how olivine, particularly in small grains, 
could survive in the aqueous environment in which the last-formed 
Orgueil minerals originated. 

Several workers (e.g. Urey, 1957, and DuFresne and Anders, 
1962) have suggested that the Orgueil was formed by alteration of 
some material of chrondritic composition. During informal discus- 
sions some petrographers (e.g. Griffith in La Jolla, 1964) have 
suggested that some fragments like that in figure 1 may be pseudo- 
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morphs after olivines or pyroxenes. Probe analyses showed that 
the fragment in figure 1 has basically the same composition as the 
main mass except for a slight increase in nickel and sulphur. Conse- 
quently this particular fragment is apparently not an alteration prod- 
uct of a meteoritic olivine since these have generally extremely low 
nickel content. (Compare the discussion of the Murray carbonaceous 
chondrite by Fredriksson and Keil, 1964.) It should be pointed out, 
however, that the presence of a few olivine pseudomorphs would not 
contradict the tuffaceous character. On the other hand, if fresh 
olivine is still present it is almost necessary to assume that Orgueil is 
a mechanical mixture of high and low temperature phases similar to 
Murray (Fredriksson and Keil, 1964) and that fine grained olivine 
would have to be emplaced at a very late stage. | 

Carbonaceous compounds and organized elements—No efforts 
have been made to identify any of the organic compounds. Some 
preliminary electron microprobe analyses by C. Andersen * have 
indicated the presence of rounded aggregates, 10 to 30 microns in 
diameter, enriched in carbon, perhaps up to 30 percent. No direct 
correlation with any organized elements could be established. The 
possibility exists that these aggregates contain graphite, because this 
mineral has been observed in Ivuna (Vdovykin, 1964). This work 
is presently being extended. 

The results of some electron microprobe work reported by Nagy 
et al. (1963b) have been confirmed with respect to the rounded 
aggregates of limonite coated with what appears to be a thin film of 
organic material. One of us (K.F.) has repeatedly in discussions 
offered the explanation that these "plastic shells" were formed by 
evaporation and recondensation of organic material on the walls of 
bubbles created by vapors. Subsequently limonite was deposited in 
voids after some low-boiling organic compounds. Alternatively 
organic material could be adsorbed on the surface of the limonite 
aggregates. It will be shown that the primitive material which ulti- 
mately became Orgueil must have been exposed to at least several 
hundred degrees centigrade, e.g. for the formation of euhedral 
troilite crystals. Consequently a distillation of organic compounds 
present in the accumulation of primitive matter appears likely. 

It is now obvious that the type V organized elements (Claus and 
Nagy, 1961) or Sexangulatus Celestites (Staplin, 1962) mainly are 
altered troilite crystals (see figs. 7 and 11 and p. 6). Mueller 


* Hassler Research Center, Applied Research Laboratories, Goleta, Calif. 
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(1962) and Anders and Fitch (1963a) reached the same conclusion. 
The later suggestion by Fitch and Anders (1963b) that the type V 
organized elements are deformed pollens is, like the proposition of 
extraterrestrial fossils (Claus and Nagy, 1961), based entirely on a 
morphological argument. 


3. QUANTITATIVE RELATIONS 


In section 2 and table 4c figures for the quantities present of some 
minerals are given. They have been derived by means of volumetric 
estimates from electron micrographs and microscopical observations 
and from the complete and partial chemical analyses of Orgueil 
(Wiik, 1956; Jarosewich, table 2) and of various minerals. A sec- 
ond analysis of Orgueil by Wiik (in Mason, 1962) gave virtually the 
same results. 

In these petrochemical calculations some arbitrariness was neces- 
sary. The following steps were followed in the calculation : 


l. The analyses by Wiik (1956) and Jarosewich (see table 2) 
were recalculated to an ignition loss free basis, assuming that both 
samples had the same amount of ignition loss. The number of 
moles available per 1000 g of this ignition loss free matter is given in 
table 4a. The number of moles of native sulphur, S, water soluble 
sulphate, 5О,%, and magnesium, Mg*', are given in table 4b. The 
figures in tables 4а and 4b are more accurate than is warranted by 
the chemical analyses but have been used in order not to introduce 
calculation errors. 

2. The amount of negative sulphur is then found to be 0.542 
moles, S according to table 4b. 

3. From step 2 and the quantities of sulphates * in table 4b it is 
found that the amount of FeS can at most be 0.517 moles. 

4. АШ phosphorus is used to form 0.021 moles merrillite of the 
composition Na,Ca;( PO,):O. 

5. АП silicon is used to form chlorite (the composition is given in 
table 1 and with the formula given on p. 3). This process also con- 
sumes all nickel. 

6. All water soluble magnesium is used to form 0.559 moles mag- 
nesium sulphate of the composition MgSO,. 

7. АП remaining magnesium and some iron form 0.314 moles 
breunnerite of the composition Mg, «Ее, ,CO.,. 


* It is possible that the content of SO in the meteorite is larger than Jaro- 
sewich found since some sulphates like gypsum are not very soluble. 


12 SMITHSONIAN MISCELLANEOUS COLLECTIONS VOL. 151 


8. All remaining calcium forms 0.169 moles gypsum of the com- 
position CaSO, 2H;O. 

9. All remaining sulphate forms 0.043 moles sodium sulphate of 
the composition Na SO,. 

10. All remaining iron forms 0.260 moles magnetite, Fe;O,, and 
0.051 moles limonite, FeOOH. (There is no way to find these 
abundances from chemical data, but microprobe analvses approxi- 
mately suggest their relative quantities.) 

11. АП remaining carbon forms 2.441 moles graphite,* С. 

12. After steps 1-11 there remain (except oxygen and hydrogen) 


element moles 
Na 0127 
K 0.016 
СЕ 0.051 
Со 0.009 
A] 0.065 
Ti 0.009 
Ма 0.029 


which make up only 1.05 percent of ignition loss free material. Part 
of these metals (particularly sodium) are probably present in the 
chlorite, which has a slight deficiency in metal ions (see p. 3). Some 
manganese and potassium 1s probably present in carbonates and sul- 
phates ( Nagy and Andersen, 1964). 


4. TEMPERATURE AND PRESSURE CONDITIONS DURING THE 
FORMATION OF THE MINERALS 


The temperatures that controlled the formation of the minerals 
їп Orgueil can be estimated by the following relations. 

There are hexagonal, tetragonal, and monoclinic modifications with 
approximately the composition FeS. The hexagonal form is stable 
from 743°С down to at least 325ºC (Arnold, 1962), whereas the 
monoclinic form is unstable above 265°С (Moh and Kullerud, 
1964). This indicates that the FeS-phase in Orgueil was formed 
above 265'C, but an exact minimum temperature is difficult to ascer- 
tain since the stability field for the intermediate FeS form is un- 
known (Moh and Kullerud, 1964). Since Orgueil is water rich, it 
can be expected that a high water pressure will change the stability 
relations. Studies of the system Ғе-5-Н,О indicate that Ееб-пН.О, 


ж Vdovykin (1964) found graphite in Ivuna but whether it exists in Огечей 
is not known. 
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hydrotroilite, may be stable at 100°C, which also indicates that the 
troilite formed at high temperatures (Moh and Kullerud, 1964). 

Fe;O, can be stable from very high temperatures, the melting point 
being 1591°С down to low temperatures (see figs. 15 a-b and 16 a-b), 
but the extent of the stability region depends on the partial pressures 
of oxygen, carbon dioxide, and hydrogen sulphide. 

Fe,O, and FeS are stable together at least from 675°C (Kullerud, 
1957) down to 325ºC. Between 675 and 560?C (see fig. 12) FeS and 
Fe;O, are stable together with either FeO or FeS, but not with Fe, 
Fe;O3, or S. Below 560ºC (see fig. 13) FeS and Fe;O, are stable 
together with either Fe or FeS, but not with Ее.О; or S. It therefore 
seems evident that troilite and some of the magnetite in Orgueil 
represent an early association (see p. 5) that is not in equilibrium 
with native sulphur or limonite in the groundmass. 

The stability conditions of chlorite are little known. According to 
Nelson and Roy (1958) 14À chlorites may alter to 7А chlorites when 
the temperature sinks below 350-500°С. The broad diffuse (001) 
peak and the absence of a well formed 14À peak in the X-ray dif- 
fraction pattern of the Orgueil chlorite ( Nagy et al., 1963a) indicate 
a stacking disorder in the structure. This suggests that the chlorite 
was formed at low temperature. It is probable that the iron content 
of the Orgueil chlorite will change these relations somewhat, since 
the phase diagrams by Nelson and Roy (1958) refer to iron-free 
chlorites. The period of formation of the chlorite is uncertain but 
probably it acquired its present appearance about the same time as 
limonite was formed since both indicate an aqueous environment 
rich in ferric iron. 

Limonite probably was formed at low temperatures since goethite 
decomposes above 170°С at 900 bars (Schmalz, 1958). Limonite 
and native sulphur are clearly later than troilite (see figs. 4 and 7) 
and probably formed simultaneously with the chlorite. 

The presence of gypsum in the veins indicates that they were 
formed at temperatures below 100°C, probably in the range 0-42°C 
according to the results by Posnjak (1938, 1940). MacDonald (1953) 
showed that gypsum will precipitate out of seawater at all tempera- 
tures below 34°С (at one atmosphere) if the deposition 15 an equi- 
librium process. He further showed that variations in the pressure 
have only small effects; thus a pressure of 100 bars only raises this 
temperature to 35°С. Both Posnjak and MacDonald showed that 
at these low temperatures gypsum and not anhydrite was the stable 
form even in salt solutions 4.8 times more saline than seawater. It 
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cannot be denied, however, that anhydrite might have been the pri- 
mary mineral in Orgueil and that gvpsum was formed by hydration 
during sample preparation or some other time after the fall. 

The low temperature of formation and their occurrence in the 
veins indicates that the sulphates are among the latest formed minerals 
in Orgueil. The period of formation for the carbonates 15 less evi- 
dent but their fresh appearance makes it highly probable that they 
also belong to the latest formed minerals in Orgueil. 

No good geologic manometer 1s present so Таг as we presently 
know. The brecciation of the meteorite before the formation of the 
veins indicates that the lithostatic pressure was not very high when 
the minerals in Stages II and III (see table 5) were formed. 

Table 5 summarizes the mineralogical ап paragenetical evidence 
given in sections 2 to 4. 


5. STABILITY CONDITIONS AND THE ЕОЕМА ПОНЕОЕ 
THE MINERAES 


The natural approach would be to study the formation of the min- 
erals in a chronological order but this is difficult to do without any 
preconceived idea of the parent material for Orgueil. It is possible, 
however, to start with a study of the late minerals that were formed 
during Stage III (see table 5). Once possible stability conditions for 
these are established their formation is easier to explain. This study 
shows that the veins most probably were formed in an open system, 
perhaps with free oxygen or peroxide as oxidizer. The tuffaceous 
structure and the presence of hydrous phases in the Orgueil meteorite 
indicate that the minerals may have been formed at the surface of a 
meteorite parent body. 

To analyse the mineral forming conditions DuFresne and Anders 
(1962) and Nagy et al. (1963a) used e-pH diagrams. Like acid- 
base and redox diagrams * they show the stability relations between 
various chemical species, but they fail to indicate in what quantities 
the substances take part in the reactions (Bostróm, 1965). Further 
the sizes of various stability areas for different compounds in an е-рН 
diagram, for example, depend on the activities of various chemical 
species in the solution. For this reason the order of magnitude of 
these activities must be known before diagrams can be constructed for 


* The reader is assumed to be familiar with the construction and use of such 
diagrams. They are extensively discussed elsewhere, e.g. Hagg (1940), Delahav, 
Pourbaix, and van Rysselberghe (1950), Sillén (1952, 1959), and Bostróm 
(1965). 
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the discussion below. The notation that will be used in the following 
is given in the Appendix. 

The activities can be found in different ways. If the association 
is quantitatively very small compared with the solution with which 
it is in contact, it would be justified to assume that the composition 
of the solution changes little during the reactions so that consumption 
and production of various ions such as H* and OH” can be disre- 
garded (Bostróm, 1965). Another solution is possible for closed 
systems where we know how much has been consumed and produced 
of various species. Tt is then sometimes possible to find the activity 
distribution in the solution (op. cit.). 

These approaches cannot be used in the present case since there is 
no evidence to justify the first approach, and there are no safe indica- 
tions of the quantitative relations before the vein-forming reactions 
started. However, at equilibrium with a solution all solid phases 
must have their solubility products satisfied, and electroneutrality 
must hold for the solution. Dy means of these relations the activities 
can be calculated and e-pH diagrams can be drawn, after which it is 
possible to analyze the mineral-forming conditions. The physico- 
chemical constants are given in tables 6a-6c. The variation in the 
stability constants is small between 0° and 42°С, in which range 
gypsum can be expected to form (see p. 8), and we can therefore 
with good approximation use data for 25°С and 1 atm. for the main 
part of the discussion. How the constants are calculated 1s described 
in the appendix, p. 24. The ionic strength is unknown and the activity 
coefficients therefore have to be assumed to be close to unity. 

From the descriptions above it seems natural to test whether 
epsomite, gypsum, breunnerite, and dolomite can be stable together. 
The stability relations between the three first mentioned minerals 
will be studied first. 

It may be objected that the degree of hydration is unknown ш the 
sulphates and that some hydration took place after the fall of the 
meteorite. However, 1f the minerals were formed at low tempera- 
tures in an aqueous environment, the sulphates probably would be 
precipitated in hydrated form. 

For the late minerals the following formulas will be used. 

epsomite Mg 50,:7Н,О 
gypsum Ca SO, 2H,0 


breunnerite Mon SEE CO: 
dolomite Са Mg (COs). 
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In the aqueous solution electroneutrality must hold, that is: 


2(Mg?*) -2(Fe?*) +2(Са?+) + (Н+) = 
2502) СОР ОВЕН 
Further, from the assumption that breunnerite behaves as an ideal 
solid solution and from the activity products in table 4 and by setting 
(Кез) -в е фе: * 
(Ме?) =4@ 


.. 290008 
қ 4.2x 107 
2—\ — 
(50,2) - 2 


If brucite should also be in equilibrium with the solution we have 
the additional condition : 


TOTO (FIZ 6 
(og) = 4/ 825 10- _ 4.72 x 10 
4x Vx 
From the relations above and the fact that (table 4b) 
(COO (EF) 


ағы ШИЕ ( -11 
(нео) = £69% 10 
we further derive: 
8 
(HCO;) DEBOUT Hs 
and: 
"x m 
2 езе DE O) a 
(Са?) = 42x 107 X 44 2.284 


(HSO, ) and (Н) сап be neglected (see fig. 14) since there are no 
indications of strongly acid conditions under which limonite or car- 
bonates would be unstable. 

Substituting the activities in the electroneutrality condition with 
the expressions derived for the various activities we get: 


E 3260910 a ТЕК TO 
E-— JI wee 


The calculated activities are given in table 7 for various pH values 
in the solution. Column a gives the activities in the solution when 


* It can be objected that (Mg, Fe) CO: is not an ideal solution. However, 


even if the ratio is varied between 1 and 10 the calculations below are 


little affected. 
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pH and (Mg?*) are high enough to form brucite. Columns b-d give 
the activities in other solutions which fulfill the relations deduced 
above except that brucite is not stable. A check shows that electro- 
neutrality holds for all these solutions and that breunnerite, gypsum, 
epsomite, and dolomite all have their activity products satisfied. 

These calculations do not consider the valence changes in the sul- 
phur or iron compounds. Figures 16a-b show in what areas of the 
system Fe-H,O-H;CO, the derived relations are valid. (Since the 
activity of MgCO, in breunnerite is larger than the activity of 
FeCO, the stability field for breunnerite should be larger than that 
for FeCO; in figs. 16a-b, but this difference is so small that it can be 
neglected for this study.) The shaded area indicates where the 
carbonates and sulphates can be stable together. By combining the 
calculated activities with the information in figures 16a-b we find 
that at 25°С the carbonates can only be at equilibrium with substantial 
quantities of sulphate when (H.CO, tot) >103. High temperature 
requires even larger carbonic acid activity. When (HCO; tot) is 
about 107? at 25°C this condition is fulfilled between pH = 5-7. Of 
interest 1s also that under these conditions magnetite is a stable phase. 

Under these neutral or slightly acid conditions breunnerite, gypsum, 
epsomite, dolomite, and magnetite can be stable together. The activ- 
ities in table 5 further show that compounds such as calcite and 
melanterite, FeSO,:7H.O, are not stable under such conditions. It 
is an interesting fact that neither of these minerals has been observed 
in Orgueil or carbonaceous meteorites in general. The calculations 
further show that the carbonates and sulphates discussed above are not 
stable with brucite. 

The presence of sodium sulphate has not been considered above, 
since the total amount of sodium sulphate present seems to be very 
small, as indicated on page 8. 

This study does not prove that the vein minerals were formed 
simultaneously with the carbonates but it is possible and seems very 
likely. Figures 15, 16, 17, and the data in table 4 further show that 
the association of brucite, troilite, native sulphur, sulphates, and 
carbonates is unstable. Thus, for instance, brucite only should be 
stable at pH — 10.1, a value that will be only slightly decreased by the 
Fe?* content of the solution. It is therefore obvious that the condi- 
tions in Orgueil do not represent equilibrium between all the co- 
existing phases, which 1s also clearly illustrated by figure 7 and by 
the stability data given in section 4. 

The seemingly simplest explanation of how the low-temperature 
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minerals were formed would be to assume that they were formed as a 
result of reactions between phases in the present groundmass. 

Redox processes among limonite, troilite, and native sulphur are 
possible (figs. 15 and 17), forming SO,” Ее?“ and Fe;O,. The follow- 
ing equations for the limiting cases can be written (the figures below 
the formulas indicate the number of moles consumed or formed dur- 
ing the reaction, assuming that 0.77 moles SO,” is formed by the 


process): 
1. 26 FeOOH + FeS -  SO4?- -9Fe;O, + 12H,0+42H+ 
20.02 0.77 077 693 9.24 1.54 
2: 18 FeEOOH4 S4—6Fe;0,4 SO, -8H,O 4-2H* 
13.86 062 077 016187 
3. 8 FeOOH + FeS --AH,O—9Fe?* + 50,2-+16 OH- 
6.16 0.77 308 622 077 1232 
4. 6 FeOOH + S -2H,0— 6Fe* + SO,?> +10 OH- 


4.62 0.77 1.54 462 077 770 


Considering the large quantities of H* or OH- formed, the assump- 
tion of a local equilibrium, as shown by reactions 1 to 4, 1s unlikely. 
By combining reactions 1 and 3, and 2 and 4 the following formulas 
are derived in which the production of hydrogen and hydroxyl ions 
is negligible : 


9: 24 FeOOH 4-FeS-38Fe;O0, + Ее" +12 Н,О--5О,- 


18.48 077 1606 0.77 9.24 0.77 
б. 16 FeOOH + S45 Ее,О, + Fe” + SO,- -8H,O 
1232 0.77 3.85 0/7 022 616 


The observed proportions of 50,25, Ее“, апа Fe;O, among the late 
minerals do not agree with these results. According to Nagy (pers. 
com.) some magnetite occurs in the veins, but according to equations 
5 or 6 magnetite should be a common vein mineral, which is not the 
case. Further, processes like 1 to 6 require more iron than is present 
according to the bulk composition of the meteorite. It may be objected 
that sulphate-forming processes have been taking place in large 
volumes of the parent body and that the mobile sulphate has been 
enriched in certain parts of the parent body, but this can probably 
only account for some vein sulphate and not for the main part of the 
sulphate which is found in the groundmass. 

Another explanation could be that the original groundmass had a 
chemical composition identical with the present gross composition of 
the meteorite. Aqueous solutions attacked the walls of fissures and 
reprecipitated dissolved fractions as sulphates without major redox 
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processes. Such a leaching process might have taken place late in the 
development of the meteorite, but it cannot explain how other late 
minerals or the original nonequilibrium assemblages of minerals in 
the groundmass were formed. The assumption of a closed system 
thus seems to be impossible. 

Consequently the minerals were probably formed in an open 
system. The problem 1$ to find an oxidizer to explain the formation 
of both sulphate and limonite. 

It is possible that after primordial dust had formed a parental 
meteorite body, reduction processes took place in the central part of 
the body (Ringwood, 1961) or in other hot zones (Anders, 1963; 
Fredriksson, 1963). Gaseous emanations like CO,, CO, and H;O 
moved from these hot zones to the outer parts of the parent body. 
This may explain the origin of the water and CO,. However, CO, 
is too weak an oxidizer to form goethite and sulphate from troilite, 
as can be observed in figure 17 and equation 7. 


7. HO, +COxg + FeS— FeOOH + COcg, + 1/2 Hace) + S, 
AG,= +22.41 Kcal 


Nor is it likely that thermal decomposition of water into oxygen 
and hydrogen can explain the redox processes, since the presence of 
goethite and gypsum shows that the reactions took place at very low 
temperatures where the dissociation of water can be considered 
negligible ( Wagman et al., 1945; see table 4c). Nor is it likely that 
any of the reactions 8 to 12 played any important role, because of the 
large positive values for the free energy of reaction: 


Free energy of reaction 


Reaction AG, (Kcal) 
8. SCHO H:S + 50, +47.5 
9. 5+4Н,Ог-> H;SOssa 3H; + 49.42 
10. 2H,O,5-Fe;O, 3FeOOH + ЫН, ы + 0.68 


11. Ееб+2Н.Оц-> FeOOH4S, 114, Hue — 415.60 
12. FeS À-2H,0;,— FeOOH + H;S,5; + и 273, +7.71 


Certainly equation 10 could explain how limonite was formed from 
magnetite, but it does not explain the formation of native sulphur or 
sulphates or the corroded nature of the troilite. Equations 11 and 12 
can to some extent explain this, but the free energies of reaction seem 
to be fairly large, particularly for 11, which is the only one that might 
explain the formation of both limonite and sulphur from troilite. Nor 
has this reaction been observed in any hydrothermal experiments ; 
instead FeS seems to alter to hydrotroilite (Moh and Kullerud, 1964). 
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However, since the system 15 open, the hydrogen formed may escape 
from the svstem and thus make reactions like 11 more likely, but this 
would also mean that water can escape. 

Another explanation. would be that oxides present in primordial 
dust acted as oxidizers, but as was pointed out by Latimer (1950) 
the primordial dust must in the main have been characterized by 
rather reducing conditions since the quantities of oxygen present were 
small. Another strong argument against such an explanation 15 that 
the Orgueil meteorite as we see it today is the result of long and 
complex processes. It therefore seems unlikely that the oxidation 
state of the primordial dust could have any influence on late mineral- 
forming processes in the meteorite parent body. 

Consequently it seems questionable that emanations from the inner 
part of the meteorite parent body or the composition of the primordial 
dust can explain the redox processes in the Orgueil meteorite. 

А third possible explanation would be that water on the surface of 
the meteorite parent body has been exposed to ultraviolet radiation 
from the sun. This dissociates some of the water into several chemical 
compounds and radicals. The fast-diffusing hydrogen may escape 
from the surface at a more rapid rate than the heavier radicals 
and compounds of oxygen, part of which dissolve in the sur- 
face water and oxidize the upper layers of the meteorite parent 
body. This process was suggested by Poole (1941) as a geochemically 
important process for the earth. These reactions have been more 
extensively discussed by Harteck and Jensen (1948) and Dole (1949). 
И seems likely that these processes could occur on a meteorite parent 
body. Some support for such an assumption is found in the tuffaceous 
structure of the meteorite and the hvdrated nature of the minerals, 
indicating that thev have been formed close to the surface. Further, 
the mixture of redox states in the Orgueil meteorite resembles the 
surface conditions on the earth. In terrestrial unconsolidated rocks 
and soils, oxidized and reduced phases like limonite and bitumen are 
often mixed together. This depends on the fact that at low tempera- 
tures and pressures many systems approach equilibrium very slowly. 
The process can explain the observed quantities of sulphate, magne- 
tite, and limonite, but it requires that the gravitational field be 
sufficiently large to retain the gaseous oxidizing emanations and 
liquid water, at least for some time. A geologically short period of 
oxidizing conditions should suffice to explain the processes discussed 
above, perhaps some thousand years, as is indicated by the crystalliza- 
tion time for dolomite as suggested by DuFresne and Anders (1962, 
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р. 1085). For such a short time even fairly small celestial bodies 
should be able to retain an atmosphere according to the calculations 
by Spitzer (1952) and Sytinskaya (1962), but it seems questionable 
that this celestial body can have been much smaller than the moon. 

It could be proposed that oxygen was formed by living organisms 
as a product of carbon dioxide assimilation. However, the evolution 
of life and the subsequent formation of oxygen as a result of bio- 
logical activity is a process that demands much longer time than the 
interaction between water and ultraviolet radiation, or some other 
kind of energetic radiation that can dissociate water. This also means 
that the parent body must be able to retain the atmosphere longer, 
perhaps some hundred thousand years, and consequently must be of 
larger size under otherwise identical conditions. 

Oxidation processes involving free oxygen may lead to acid condi- 
tions. This is evident from the reactions 13 to 15. Organic matter 
could react with oxygen, forming water and carbon dioxide. The 
resulting acids could react with several phases, like brucite, forming 
late sulphates and carbonates according to reactions 16 and 17: 


Free energy 
of reaction 


Reaction AG Real) 
13. 2Н,О--25--3 O2 2H,SO, — 2/415 
14. 2H,0+2FeS+ 95 О;->Ее,О;--2Н,5О, = 3/0148 
15. 3H,0+3FeS + 1% О, Fe;0,43H,S0, — 534.4 
16. H.SO,+ Mg(0H),+7H,0- MgSO,:7H,0+2H,0 < – 17.3 
17. H,CO;+ Ме(ОН) ,-> МЕСО, +2Н,О — 11.1 


Certainly many processes like 13 to 17 can be considered. There is as 
yet little evidence of these reactions, and therefore the qualitative dis- 
cussion given above must suffice. 

It should be remembered that these conditions do not imply that an 
oxygen-rich atmosphere or a strongly acid surface layer was formed ; 
it seems more probable that the oxygen and the acids were consumed 
immediately after their formation. 

It is also probable that redox processes were acting when the 
chlorite in its present state was formed, since chemical analysis 
(table 1) as well as diffraction data suggest a high content of ferric 
iron (see pp. 3-4). The parent material of the chlorite is not known 
but might have been a well-ordered ferrous chlorite, formed together 
with troilite and magnetite under hydrothermal conditions. Later 
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oxidizing processes formed solutions rich in ferric iron and sulphate 
which could react with the early chlorite and transform it to the 
present chlorite. The sulphate and ferric ions may be delivered from 
the oxidation of troilite, which at the same time also could form 
native sulphur and limonite. Some oxygen may also have reacted 
directly with ferrous chlorite forming ferric chlorite. Limonite has 
not been observed in the veins: it is therefore probable that the 
oxidizing processes were declining in intensity or had ceased com- 
pletely when the veins were formed. However, another explanation 
for the absence of limonite in the veins may be that since the solu- 
bility product for ferric hydroxide is very small the ferric iron could 
not migrate long distances before it was precipitated. It may also be 
suggested that limonite was formed from lawrencite, FeCl., after the 
fall of the meteorite. It is difficult to visualize, however, how lawrenc- 
ite could survive the redox processes that formed ferric chlorite. 

It has been suggested that alteration of olivines and pyroxenes of 
chondritic composition could form chlorite and brucite ( Kerridge, 
1964). but the high content of volatile elements like mercury, lead, 
and bismuth (Anders, 1964) makes it unlikely that the present 
groundmass has been exposed to magmatic temperatures. Another 
suggestion would be that periclase and оПуте were mixed with the 
low-temperature phases, a process similar to the one that formed 
Murray (Fredriksson and Keil, 1964) and that periclase later 
was hydrated to brucite. 


6. CONCLUSIONS 


From the above discussions it is apparent that the Orgueil meteorite 
does not represent original solar material. On the contrary the meteor- 
ite has undergone extensive hydrothermal and low-temperature altera- 
tions, although these processes seem not to have changed the bulk 
chemical composition of the primitive, that is the pre-Orgueil, ma- 
terial seriously. The reason for this conclusion is that it has still a 
bulk composition that resembles the assumed solar composition (Suess 
and Urev, 1956: Aller. 1961: Anders, 1964). Аз has been discussed 
above, a high temperature magmatic pre-Orgueil stage can be prac- 
tically ruled out, at least for the major fraction. 

The following sequence of events for the development of the 
Orgueil may be suggested. А presumed primitive accumulation of 
dust, frozen gases, ice, etc. (Urey, 1952, 1963; Ringwood, 1960; 
Anders and DuFresne, 1962; and others), probably of the size of а 
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large asteroid or possibly as big as the moon, develops hot zones 
either by short-lived radioactivity or possibly by slow collisions, that 
is, between bodies of which at least one has a very low density. One 
of the colliding objects might even have been a comet head as 
advocated by Urey (1963) and Urey and Murthy (1963). Conceiv- 
ably, in such a collision, the energy may be dissipated relatively slowly 
within the larger body. Once formed it seems possible that such hot 
zones could be enforced by chemical reactions, possibly between free 
radicals* (Urey, 1952). If the dust planetoid was penetrated deep 
enough by the shockwaves, large quantities of magma may have been 
generated and retained for a sufficient time to give rise to processes 
resembling volcanism. As suggested by Ringwood (1961), Fredriks- 
son (1963), and Fredriksson and Ringwood (1963), chondrules 
may well be the product of such explosive volcanism. Some chondrules 
may also form directly as splash drops (Urey and Craig, 1953, and 
others). The heat from the hot zone would influence the surrounding 
primitive material ( Anders, 1963) ; hot gases will be driven toward 
the surface creating pneumatolytic to hydrothermal conditions such 
that troilite (FeS) might crystallize together with other minerals, 
probably layer lattice silicates. The latter minerals probably were 
the parent material for the present Orgueil matrix silicate, the 
chlorite. During the cooling-off period the troilite oxidizes to limon- 
ite, sulphur, and sulphate. At the same time the late carbonates and 
sulphates formed and the chlorite acquired its present composition. 
As has been shown it is probably necessary to assume an external 
source of oxidation, possibly free oxygen. This oxygen would be 
supplied by dissociation of water induced by ultraviolet light at the 
surface of the body. The surface is continuously reworked by the 
impact of smaller bodies or secondary objects produced in larger 
collisions. Such processes are vividly suggested by the Ranger pic- 
tures of the moon. The reworking of the surface would expose a 
considerable amount of Orgueil material to sunlight. Close to the 
pseudo-volcanic area (or areas) where pre-Orgueil material may be 
mixed with chondrules and heated to higher temperatures, similar 
processes may further account for meteorites like Murray ( Fredriks- 
son and Keil, 1964), which is a mixture of chondrules and mineral 
fragments of high temperature origin (Fredriksson and Reid, 1965) 
and low temperature phases similar to the bulk of the Orgueil. 


* Recently free radicals were found in the Mighei, group II, carbonaceous 
chondrite ( Vinogradov et al., 1964). 
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APPENDIX 
1. Notation 


(A) Activity of A 

F Faraday constant 

Gr Free energy of a reaction 
He Heat of formation 

K Thermodynamic equilibrium constant 
Е Pressure 

R Gas constant 

» Entropy 

Т Absolute temperature 

e? Standard electrode potential 
n Number of Faradays 


pA Negative decadic logarithm of (A); thus рН = —logy(H) 
pFe«c- — logio( Fei) 

рК Negative decadic logarithm of К 

In log, 


2. Calculation of the physico-chemical constants 


The standard redox potential and the equilibrium constant for a 
reaction are found by the expressions: 


IDEE 
|. AF 
and 
- br 
Ink = DRT 


Almost all values for AG, AH, and S for 25°С, 1 atm. are derived 
from Latimer (1952) with exception for the values AH;= 813.13 К 
с, S-€8777em. for MgSO,-7H.,0 thatewere*caleulated hy теала г 
data in Kelley (1937, p. 101) and Latimer (1952, pp. 316, 359-369), 
and the value АС, = — 117.0 К cal for goethite (Schmalz, 1958). 

Most of the calculations are for 25°С, 1 atm. conditions. А few 
100°C calculations have been made by means of data from Kelley 
(1960) and by the formulas for the variation of AG with temperature 
given in Kortúm (1960, pp. 398-410). 
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TABEES 


TABLE 1. — Electron probe analysis (in weight percent) of chlorite 
in the Orgueil meteorite * 


Si 14.9 
Fe 15.6 
Mg 12.9 
Ni 1.4 
Al 1.0 
S 27 


* Analyst, К. Fredriksson 


TABLE 2.—Partial analysis of the Orgueil meteorite € 


doo 


7-14* 


Percent of 
total sample 
Carbon tetrachloride and ether extracts 912 
Sulphur in this extract 1.6 
Water-soluble matter 18.2 
Sulphate from this extract 6.9 
Magnesium from this extract 1:9 
Fe2+ 5.6 
Total Fe 18.3 
Ее“ (by difference) 12.7 
* Analyst, E. Jarosewich, Division of Meteorites, Smithsonian Institution, 
Washington. 
TABLE 3.—Cell dimensions (in À) 
a b с 
Found in Orgueil 5.282-0.05 9.14--0.09 
Serpentines ** 
Chrysotile (ortho-) 5.34 9.2 14.63 
Lizardite 521 9.20 7.31 
Septechlorites ** 
Amesite 5.31 9.19 14.01 
Ferrous chamosite 5.415 9.38 Ди 
Ferric chamosite 5:255 9.10 7.062 


Chlorites *** 


a= 5.320 + 0.008 (Fe* + Ее“) 
b= 9.202 + 0.014 (Fe* + Ее“) 
dos = 13.925 + 0.115 (Si-4)-0.025 Fe* 
* The Фо value from Nagy et al. (1963, р. 544). 


** From Deer, Howie, and Zussman (1962, pp. 167, 174). 
*** Simplified from Hey (1954). 
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TABLE 5.—T he succession of the Orgueil minerals 


I П Ш 


Troilite 

Magnetite 

Chlorite 

Limonite 

Native sulphur 
Breunnerite 
Dolomite 

Gypsum 

Magnesium sulphate 


Sodium sulphate 


The succession of the various minerals is indicated by full lines; dashed lines 
indicate possible extensions. I indicates early period with formation of high 
temperature minerals, the controlling temperature being several hundred degrees 
centigrade. II is a later stage with moderately high temperatures, probably not 
above 170°C, and water-rich environment. III represents late vein mineralizations 
formed in an aqueous environment at low temperature, probably below 40°С, 
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TABLE 6.—Stability constants at 25°C, 1 atm. 
6a. Aqueous equilibria 


(Мұ. Ев”) (СО?) = 32 x 10º (breunnerite) $ 
(Сас) (ме) (СОР)! -- 45 хе 

(Са?) (COF) — 4.7 x 10” (calcite) 
беа") (SO. (H-0) = 24 5909 

(Ma? (502) (H;0)" —87 х 102 

(МЕ) (SOF) (НЮ = 4.20 107 

(Mg') (OH^)* = зоват 

(е^) GOD (ЕВО) = 13 

(SOS) (ЕО) = 31555007 


ж Assuming ҒеСОз and MgCO; to form an ideal solid solution. 


6b. Other equilibria 


4 CO: + 3 Fe ЕезО, + 4 CO К = 381 ха“ 
HCO; > Н + CO К = 4.69 x 10 


6c. Dissociation constant of water at various temperatures * 


Equilibrium constant 


Reaction TUR of formation, Kt 
На + 16 Оле) => НО 300 6.1 x 10” 
400 1.7 x102 
500 7.7 x 10% 
600 4.3 x 10° 


* Data from D. D. Wagman et al. (1945). 


TABLE 7.—Activities of ions at various pH values in an aqueous solution in 
equilibrium with the solid phases Mgos Fe.» СО, Mg SOs:7H2O and 
Ca 50.“2Н.0. 


А В (Е р 

pH 10.1 7 5 + 

(Же?) 12х10" 12х 102 Зак 107° 9.4 x 10? 
(Mg?) 4.8 x 10° 48x10* к I9 SEKI" 
(Ca**) 27 XIO? 2.7 ха” 8.7 x 10° дей 
(508) 87x10? 8.7 x 10? дк 10” 13x07 
(СОг?) 5.3 х 107 3:3 x 10* 1.7.x 10" 6.8 x 10“ 
(HCO:) 8.3 x 107 Шаст" 54x 07° 1:350 


PpHaCOstot 5.9 2.9 +3 0.9 
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EXPLANATION OF PLATES 


Figs. 1 А and B. Photomicrograph of thin section of Orgueil. Magnification 
60x. Nicols half crossed in 1 В to increase contrast. According to the 
probe analysis the fragment has a composition similar to the matrix except 
for somewhat higher nickel and sulphur. Note the parallel structures around 
the fragment, suggesting that the fragment was harder than the surrounding 
material during agglomeration. 


Fig. 2. Electron micrograph of overlapping crystals of the layer lattice silicate 
(chlorite, see p. 3), which constitutes approximately three-fourths of the 
meteorite. Note the pseudohexagonal habit of the crystals. Whole area: 
3x 2.2 microns. 


Fig. 3. Electron diffraction pattern of one of the crystals in figure 2. The 
deduced latice spacings (in А) a — 5.28, b — 9.14 agrees fairly closely with 
ferric chamosite (see page 4 and table 3). 


Fig. 4. Photomicrograph of the magnetic fraction, 44-88u, of a powdered sample 
of Orgueil. The shiny globules are native sulphur (S) closely associated 
with hexagonal troilite (FeS). Note particularly the corroded troilite crys- 
tals, two of which have holes. Two opaque black spherules as well as some 
of the aggregates consist of magnetite (FesO:). 


Figs. 5 A and B. X-ray microradiographs of a thin section of Orgueil in CuKa 
radiation (А) and in CrKa radiation (B). The particles indicated with A 
consist of magnetite (ЕезО.) and those with B of troilite (FeS with some 
Ni). The absorption in magnetite as compared with the matrix is con- 
siderably decreased for CrKa, while troilite, B, shows same or increased 
contrast in this radiation. Note the corroded hexagonal plate of troilite, 
lower right. 


Figs. 6 A and B. Microradiographs (compare fig. 5) showing rounded hollow 
particles of magnetite (Fes0,). The small hexagonal particle upper left 
is troilite. 


Fig. 7. Photomicrograph and electron probe scanning pictures of corroded troilite, 
partly altered to ferric hydroxides, limonite. The back scattered electron 
picture (BSE) indicates the average atomic number of the phases present, 
the three other scan pictures show distribution of iron, sulphur, and nickel. 
Most of the opaque grains are magnetite. Note that nickel is homogeneously 
distributed in the matrix; the concentration is approximately 1 percent, 
almost the same as in troilite and limonite (see p. 6). Sulphur is also 
present in the matrix but less evenly distributed than nickel; the sulphur 
probably occurs as a sulphate impregnation of the layer lattice silicate. The 
scanned area is 50 x 50 microns. 
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Figs. 8 А and B. Photomicrograph of thin section of powdered sample of 


Fig. 


Fig. 


Fig. 


Orgueil; magnetic fraction 44-88 microns. А is transmitted light, B reflected 
light. The pictures illustrate the close association of native sulphur, trans- 
parent in А, whitish gray in B, with troilite. B further illustrates the 
extremely corroded state of the hexagonal troilite crystals, which explains 
their odd shapes and colors. 


9. Distribution of Na”, Ма“, Mg”, and Si”, in polished sections of Orgueil. 
'The pictures were obtained by means of secondary ion emission spectroscopy 
(Castaing and Slodzian, 1962a and b, and 1963). The pictures illustrate 
composite veins of magnesium and sodium sulphates. The veins are en- 
riched in sodium, particularly at the vein walls. The matrix material also 
contains small amounts of evenly distributed sodium. Note that no direct 
comparison between different elements can be made on the basis of the 
recorded intensities, The black grid represents strips of aluminum evapo- 
rated onto the sample to overcome its low conductivity. The size of the 
square holes is approximately 50 x 50 microns. 


10. Electron probe scanning pictures of polished section of Orgueil, show- 
ing one grain —10 microns, of periclase MgO, possibly formed by vacuum 
and heating in the electron microprobe (see p. 9). All the iron-rich grains, 
white in the back scattered electron (BSE) as well as in the iron picture, 
are magnetite, as concluded írom the deficiency in sulphur. Sulphur is 
rather homogeneously distributed through the matrix. The magnesium-rich 
grain to the right is probably brucite, Mg(OH ),, partly altered to periclase, 
MgO, by the electron beam. Scanned area approximately 100 x 100 microns. 


11. Photomicrograph of thin section of Orgueil showing several hexagonal 
limonite particles representing completely altered troilite crystals, the largest 
of which is approximately 25 microns. Compare figures 5 and 7 and page 6. 
These particles seem indistinguishable from organized elements, group V 
(Claus and Nagy, 1961). 


Fig. 12. Phase relations in the system Fe-O-S below 560°С and 675?C (after 


Kullerud, 1957). 


Fig. 13. Phase relations in the system Fe-O-S below 560°С (after Kullerud, 


1957). 


Figs. 14 А and В. pH diagrams at 25°C, 1 atm. A: for the system Н.СО:-Н.О. 


В: for the system Н.5О.-Н.О. 


Figs. 15 A and B. с-рН diagram for the system Fe-S-H;O. There are no thermo- 


dynamic data available for hydrotroilite, FeS-nH.O, which seems to be the 
stable form at 25°С and 100°С. The field for FeS in the diagram thus gives 
the minimum extension of the stability field for hydrotroilite. The stability 
field for goethite, FeOOH, is not indicated but is somewhat larger than that 
for Ее;Оз. Small figures attached to the lines indicate to what pStor value 
the lines refer; pFet: —2. А: for 25°С, 1 atm, B; for 100°C, 1 atm. 
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Figs. 16 А and B. e-pH diagram for the system Fe-H;CO;-H;O. Small figures 
attached to the lines indicate to what pH2COs tot value the lines refer; 
pFetot — 2. Shaded areas indicate where carbonates and sulphates may be 
stable together. А: for 25°С, 1 atm. В: for 100ºC, 1 atm. The stability 
field for geothite, FeOOH, is not indicated but is somewhat larger than 
that for ЕеОз. 


Fig. 17. e-pH diagram for the system S-H;O at 25°С, 1 atm. Small figures 
attached to the lines indicate to what pStot value the lines refer. 


Fig. 18. e-pH diagram with the systems Fe-H;O and H;O-C superimposed on 
each other at 25°C, 1 atm.; pFetot = 2. The stability field for FeOOH, is 
not indicated but is somewhat larger than that for FesOs. 


SMITHSONIAN MISCELLANEOUS COLLECTIONS VOL. 151, NO. 3, PLATE 1 


кл: RN А L. | рб ЫС. У. 
4 E x Ж E зада 
%. “4 a 


VOL. 151, NO. 3, PLATE 2 


SMITHSONIAN MISCELLANEOUS COLLECTIONS VOL. 151, NO. 3, PLATE 3 


Fig.4 


L. 151, NO. 3, РЕАЛЕ А 


SMITHSONIAN MISCELLANEOUS COLLECTIONS VOL. 151, NO. 3, PLATE 5 


VOL. 151, NO. 3, PLATE 6 


SMITHSONIAN MISCELLANEOUS COLLECTIONS 


VOL. 151, NO. 


3, PLATE 7 


, NO. 3, PLATE 8 


SMITHSONIAN MISCELLANEOUS COLLECTIONS 


SMITHSONIAN MISCELLANEOUS COLLECTIONS VOL. 151, NO. 3, PLATE 9 


LL tj wy 
“ - È 


SMITHSONIAN MISCELLANEOUS COLLECTIONS 


VOL. 151, NO. 3, PLATE 10 


7 


h 560 <Т< 675°С 


T« 560 °C 


Fes O4 “-Ғе2Оз о 


SMITHSONIAN MISCELLANEOUS COLLECTIONS МОЕ: път NO ЕҚ РЕАЛЕ 


О 2 4 6 a 10 12 14 


SMITHSONIAN MISCELLANEOUS COLLECTIONS VOL. 151, NO. 3, PLATE 12 


“0:90 -0.60 7050 О 0.30 V 


= 030 -0.60 2090 O 0.30V 


SMITHSONIAN MISCELLANEOUS COLLECTIONS VOL 151, NO: 3, BEATE TIS 


70.90 2060 = 0836 О 0.30 V 


EO SO 550 z050 О 0.30 V 


SMITHSONIAN MISCELLANEOUS COLLECTIONS VOL. 151, NO. 3, РЕАЛЕН 


-0.90 “ОО - 050 О 0.30 V 


OBO -о60 - 050 О 0.30V 


